Background. Platinum chemotherapy resistance occurs in approximately 25% of patients with ovarian carcinoma; however, no biomarkers of ovarian carcinoma chemoresistance have been validated. We performed a prospective trial designed to identify tumor-based predictive biomarkers of platinum resistance. Methods. Tumor specimens were collected from 29 women with newly diagnosed histopathologically proven primary ovarian carcinoma. Of these, 23 women had specimens accessible for assessment and outcome data available regarding chemosensitive versus chemoresistance status via review of the medical record. Tumor slices were stained with antibodies against two microRNAs (miRNAs 29b and 199a) differentially expressed in chemoresistant ovarian cancer cell lines. Additionally, blood samples obtained at the time of diagnosis were analyzed for the presence of circulating tumor cells (CTCs). Results. The average age of the patients was 64 years, and 82.6% had high-grade epithelial carcinomas. The baseline median CA-125 was 464 (range 32-2,782). No statistically
ABSTRACT
Background. Platinum chemotherapy resistance occurs in approximately 25% of patients with ovarian carcinoma; however, no biomarkers of ovarian carcinoma chemoresistance have been validated. We performed a prospective trial designed to identify tumor-based predictive biomarkers of platinum resistance. Methods. Tumor specimens were collected from 29 women with newly diagnosed histopathologically proven primary ovarian carcinoma. Of these, 23 women had specimens accessible for assessment and outcome data available regarding chemosensitive versus chemoresistance status via review of the medical record. Tumor slices were stained with antibodies against two microRNAs (miRNAs 29b and 199a) differentially expressed in chemoresistant ovarian cancer cell lines. Additionally, blood samples obtained at the time of diagnosis were analyzed for the presence of circulating tumor cells (CTCs). Results. The average age of the patients was 64 years, and 82.6% had high-grade epithelial carcinomas. The baseline median CA-125 was 464 (range 32-2,782). No statistically significant differences were observed in miR29b or 199a expression in platinum-resistant/refractory versus platinumsensitive tumors. Furthermore, the presence of CTCs was not found to be statistically significantly predictive of eventual platinum resistance. Conclusion. Our analysis showed no differences in miR29b and 199a expression, and differences in baseline CTCs in women with newly diagnosed ovarian tumors were not statistically significant. The Oncologist 2019;24:1422-e1013
DISCUSSION
Platinum chemotherapy resistance is a clinical designation, assessed clinically based on recurrence or progression of malignant disease within 6 months after cessation of platinum treatment. This designation is not based on identification of any testable validated biomarkers. We hypothesized that there exist histopathologic features and/or molecular expression profiles of malignant ovarian tumors that are predictive of platinum chemotherapy resistance. The Oncologist 2019;24:1422-e1013 www.TheOncologist.com
Clinical Trial Results
We have previously reported that CTCs were more prevalent in women with metastases to the ovary than in primary ovarian carcinomas [1] . We speculated that CTCs may also predict chemoresistance in newly diagnosed primary ovarian malignancies. Women with newly diagnosed complex pelvic masses evaluated at the University of Minnesota Gynecologic Oncology Clinic from April 1, 2014, to June 30, 2016, were recruited for this prospective clinical study (Table 1) . Written informed consent was obtained from all participants. In this study, we detected differences in CTCs between platinum-resistant and platinum-sensitive disease; however, these differences were not statistically significant. Limitations of this study include the small sample size and low yield of CTCs using the CellSearch method [1] . Newer technologies aimed at improving sensitivity of CTC detection, with addition of further capabilities of pharmacogenomic profiling of CTCs, will better enhance abilities to harness these blood-based biomarkers to determine their predictive value in identifying chemoresistance.
We further hypothesized that tumoral expression of specific miRNAs from tissue at the time of surgical resection can be used as predictive biomarkers of chemoresistance to platinum-based chemotherapy. MiRNAs are small noncoding forms of RNA that are increasingly being investigated as signals that stimulate increased cellular proliferation and growth in many forms of cancer, including ovarian adenocarcinoma [2] . Profiling studies have identified several candidate miRNAs, such as the miRNA-200 and miRNA let-7 families, that could be potentially associated with chemotherapy resistance. We detected no differences in miR29b or miRNA 199a expression in tumor tissue. 
Materials and Methods
This study was approved by the institutional review board at the University of Minnesota (UMN; Study 1312M46201). For assessment of circulating tumor cells (CTCs), whole blood samples were obtained at the time of diagnosis or initial clinic evaluation as we recently reported [1] . To perform CTC enumeration, 7.5 cc of whole blood was collected in a Cel-lSearch collection tube prior to surgery. More specifically, for patients who had surgery performed as their initial form of treatment (i.e., no neoadjuvant therapy), blood samples were collected on average 10.3 days prior to surgery (median = 8 days; range 0-31 days). For patients who received neoadjuvant chemotherapy treatment prior to surgery, blood was collected on average 9.6 days prior to start of the chemotherapy course (median = 8 days; range 2-17 days). Carcinoma cells were positively selected using magnetic beads conjugated to an antiepithelial cell adhesion molecule (EpCAM) antibody. CTC enumeration was performed using photomicroscopic image analysis after staining cells with DAPI, anti-CD45, and an anticytokeratin cocktail consisting of CK8, CK18, and CK19. CTCs were identified as positive if they were EpCAM positive, CK positive, DAPI positive, and CD45 negative and had the morphology of a single intact carcinoma cell (i.e., no cell clusters identified). For assessment of microRNA (miRNA) expression, an miRNA array of chemosensitive (A2780) and chemoresistant (C200) ovarian cell lines was performed using the Nanostring protocol to identify the top 100 miRNAs that were differentially expressed between the two cell lines (Digital Genomics). The top five miRNAs for each cell line were internally validated using quantitative reverse transcriptase polymerase chain reaction. Two candidates were identified, miRNA 199a and 29b, that were significantly different between the two cell lines (miRNA-29b higher in C200/platinum-resistant cells; miRNA-199a higher in A2780/platinum-sensitive cells). We used standard immunohistochemistry and in situ hybridization techniques to determine correlation of expression of miRNA 199a and 29 with platinum resistance in tumors resected from women with newly diagnosed primary ovarian carcinomas. Slides from formalin-fixed paraffinembedded (FFPE) biopsy or surgical samples of primary ovarian tumors were obtained from the University of Minnesota Tissue Procurement Facility. miRNAs 199a and 29b were visualized using Exiqon's miRCURY LNA microRNA in situ hybridization Optimization Kit (FFPE; kit1 90001). All probes were supplied and/or ordered through Exiqon (Qiagen, Seoul, South Korea). LNA U6 snRNA probe, 5' DIGlabeled as positive control at 1 nM. LNA scrambled micro-RNA probe, double-DIG-labeled as negative control at 40 nM. Double-DIG-labeled miRCURY LNA Detection probes for miR-199a and miR-29b were optimized at 40 nM.
Routine staining with hematoxylin and eosin was also performed for tissue identification. Slides were visualized using light microscope (5× objective lens) and scored as either positive or nondetectable by two pathologists (M.K. and M.A.L.).
Patient demographic and clinical data were extracted from the electronic medical record, including age at diagnosis, race, pelvic mass origin and histology, tumor grade and stage, tumor size, and lymph node status. Serum levels of CA-125 were assessed per standard of care. Information was entered into the password-protected REDCap database available through the UMN Clinical and Translational Science Institute [3] .
Cary, NC), and p values <.05 were considered statistically significant.
Results and Discussion
Ovarian cancer is an insidious disease; thus, the majority of cases are advanced (stage III/IV) at the time of diagnosis [4] . After diagnosis and initial treatment, ovarian cancer declares itself as a refractory and morbid malignancy. Approximately 15,000 women in the U.S. die each year from complications of this disease. However, current approaches to the treatment of ovarian cancer have failed to significantly improve clinical outcomes and overall survival, despite recent advances in developing targeted therapies for the treatment of similarly aggressive cancers, including lung, melanoma, and renal cell carcinomas. Currently, platinum-based chemotherapy drugs are the backbone of treatment of advanced and recurrent ovarian cancer, but a major clinical problem is development of tumor resistance to platinum therapy. A total of 70%-90% of patients experience recurrence of this disease [5]; approximately 30% are classified as having a platinum-resistant subtype [6] . To date, there are no clear biologic explanations or biomarkers of platinum resistance. Identifying and validating biomarkers that can predict response to platinum chemotherapy will help risk-stratify patients at the time of diagnosis into categories that will help direct their plan of treatment. If a biomarker or panel of biomarkers can predict platinum resistance, then the next step would be to perform a prospective clinical trial in which patients with upregulated resistance biomarkers are treated with an alternative approach, such as another drug with or without platinum, to determine how the biomarkers can best be used in clinical management.
In this study, 23 patients with newly diagnosed ovarian cancer were enrolled with appropriate samples for the analysis. The mean age of participants was 63.8 AE 8.9 years, and all were white, non-Hispanic (Table 1 ). All women underwent surgical staging, and 34.8% received neoadjuvant chemotherapy prior to surgery. Most (82.6%) had advanced-stage (III/IV) disease and high-grade tumors (66.7%). The median baseline CA-125 was 464 units/mL (range 32-2,782 units/mL).
We compared CTC values in the chemoresistant and chemosensitive patient populations to determine whether detection of CTCs prior to treatment could serve as a potential predictive biomarker of platinum resistance ( Table 2 ). We found that five patients had detectable CTCs (>0), with two of five (40%) having chemoresistant disease. Of patients with no detectable CTCs, 80% (3/15) had chemosensitive disease (p = .56). No statistically significant association was observed between CTC detection and chemoresistant status in patients diagnosed with primary ovarian malignancy at any stage. Although 17 of 20 patients with detectable CTCs had stage III or IV form of the disease, subanalysis of these patients did not show a statistically significant predictive value of CTC detection for chemoresistance. As we have discussed in our prior publication on CTCs in ovarian cancer, the system used for CTC identification and collection is very limited because of the low sensitivity of this test [1] . Newer technologies have emerged that provide a higher rate of detection; thus, it is conceivable that future studies may find correlations to chemoresistance with the more sensitive detection methods.
In addition to CTCs, we evaluated whether miRNAs predict chemoresistance in our cohort of patients with ovarian cancer. MiRNAs are small (18-24 nucleotides) noncoding RNA molecules that inhibit gene expression by suppressing the translation process [7] . Many studies have been performed evaluating miRNAs in ovarian cancer. MiRNA signatures of cisplatinsensitive and -resistant cell lines have identified the let-7 family as well as other miRNAs that are variably expressed in ovarian cancer [8] . Twist1, which has been associated with stemness in multiple cancer cell lines, was shown to regulate the expression of the miR199a2/214 pathway [9] . Multiple studies have documented the role of miRNA in ovarian cancer tumorigenesis [10] . Dysregulation of miRNA expression, with both upregulation or downregulation, can have a role in the dissemination and progression of cancers, and manipulation of this milieu can offer possible therapeutic targets [11] . Our screen of miRNA differentially expressed between platinum-resistant and platinumsensitive ovarian cancer cell lines identified two candidates: miRNA 199a and 29b. Recent studies have shown that several miRNAs regulate hypoxia-inducible factor one-alpha (HIF1α) in multiple different cancer subtypes [12] . Specifically, miRNA 199a has been involved in the regulation of HIF1α, and in our microarray analysis, it was found to be upregulated in ovarian cancer cell lines that are chemosensitive. In our validation analysis, we found a variable change in miR199 between the chemosensitive and chemoresistant cell lines in regard to expression levels in both hypoxia and FBxW7. However, the candidate miRNAs differentially expressed in our cell lines (miRNA 199a and miRNA 29b) were not statistically significantly associated with chemoresistant status in our patient cohort (p = .11 and p = .9999, respectively; Table 3 ). A limitation of our miRNA screen is that assessment of differential miRNA expression was performed using microarray technology that has in recent years been surpassed by newer methods with higher sensitivities and specificities. Thus, more sensitive assays in current use may yield more refined results that could lead to validation in human studies.
In conclusion, there is a strong need for a clinically validated biomarker, or set of biomarkers, that could identify treatment-refractory ovarian cancers. Although unsuccessful in the present study, CTCs, miRNA markers, or other biomarkers merit examination as part of correlative science analyses in prospective clinical trials.
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